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Abstract: Cervical lymph nodes are common sites of metastatic involvement in head and neck cancers. These lymph 
nodes are superficially located and palpation is a common practice for assessing nodal hardness and staging cancer which 
is, however, too subjective and with limited accuracy. In this study, the mechanical properties of pig lymph node tissues 
were investigated using ultrasound elastography and indentation test. Lymph nodes were excised from fresh pork pieces 
and embedded in an agar-gelatin phantom for strain imaging by elastography. A strain ratio reflecting the strain contrast 
of lymph node over agar-gelatin phantom was used to assess the elasticity of the lymph node. A cutting device was then 
custom-designed to slice the phantom into uniform slices for indentation test. The measurements revealed that there were 
significant differences in both the strain ratio and Young’s modulus between the peripheral and middle regions of the 
lymph nodes (both p < 0.05); however, the results appeared contradictory. Correlation between the results of the two 
measurements (modulus ratio vs. inversed strain ratio) showed their association was moderate for both the peripheral and 
middle regions (R
2 = 0.437 and 0.424 respectively). As the tests were only performed on normal lymph nodes, comparison 
in stiffness between healthy and abnormal lymph nodes could not be made. Future studies should be conducted to quantify 
the stiffness change in abnormal lymph nodes.  
Keywords: Ultrasound, elastography, indentation, lymph node, soft tissue, strain image, young’s modulus.  
INTRODUCTION 
Metastases to the lymphatic system are common in most 
cancers [1]. Cervical lymph nodes are common sites of me-
tastatic involvement in head and neck cancers [2]. Moreover, 
in the head and neck region, malignant lymphoma is also 
common in cervical lymph nodes [3]. Although ultrasound 
assessment of cervical lymph nodes based on the nodal mor-
phology and vasculature has been well established [4], pal-
pation of cervical lymph nodes is still common in clinical 
practice, particularly when they are large and firm [5]. How-
ever, palpation to gauge nodal hardness is considered inaccu-
rate and carries substantial risks of misdiagnosis [6]. Ultra-
sound elastography, a term first coined by Ophir et al. [7], is 
a method for imaging tissue strains in response to compres-
sion. It has been shown to be a promising technique in the 
applications of palpable organs such as the breast [8-11], 
liver [12-15] and thyroid [16, 17].  
Information on stiffness of lymph nodes in any species is 
limited. To date, there is only one study that reported the 
stiffness of resected lymph nodes [18]. In that study, a tactile 
sensor was placed on intact human lymph nodes to measure 
the change of its resonant frequency, which could be used to 
obtain the tissue stiffness through a calibration process. It 
was found that metastatic nodes were stiffer than benign   
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ones, and suggested that stiffness alone was accurate in di-
agnosing lymph node metastases, ex situ. More recently, 
using the elastography technique, in vivo studies have been 
conducted on skin surface for superficial cervical nodes [19-
22] or endoscopically for deep cervical, mediastinal and ab-
dominal nodes [23-27], to study nodal stiffness. Most of 
these studies utilized the EUB8500 (Hitachi Medical Corp., 
Tokyo, Japan) system; and strain images of tissue produced 
by freehand compression were color-coded according to its 
magnitude relative to the surrounding tissues and transpar-
ently superimposed on the conventional grey-scale ultra-
sound image. Elastographic color range of lymph nodes was 
reported to be between green and dark blue, which represents 
intermediate to hard tissue regions, depending on the degree 
of malignancy [21, 22, 27]. Although operator dependence 
and perception error when visually grading subtle color dif-
ferences can be overcome by computerized quantitative 
analysis [27], few studies have provided absolute values of 
the stiffness of lymph nodes [18]. Therefore, studies that 
further the current understanding of the relationship between 
strain and stiffness measurements (such as Young’s 
modulus) are required. Furthermore, biomechanical testing 
could extend our limited understanding of nodal tissue stiff-
ness and such data were suggested being helpful in improv-
ing and validating elastography results [20, 27]. 
Therefore, the aim of the present study was to investigate 
the stiffness of lymph node tissues using a pig model. In 
common with that of wildlife species such as dolphins, ele-
phants and rhinoceroses, the lymph node of domestic pig is 
structurally inverted; with tissue characteristic of the medulla 40    The Open Biomedical Engineering Journal, 2011, Volume 5  Yuen et al. 
on the periphery and tissues characteristic of the cortex tis-
sue in center [28, 29]. Indentation as a frequently used tech-
nique to study the biomechanical properties of biological 
tissues was adopted as a small indenter tip allows determina-
tion of any differences in tissue stiffness among selected 
regions. It is expected that information obtained from this 
study could help understand better the lymph node from an 
anatomical aspect. Also, it may help to improve the interpre-
tation of elastograms in the assessment of lymphadenopathy.  
MATERIALS AND METHODS 
Sample Preparation 
Sizable irregular pieces of pork meat, cut from the poste-
rior head and neck regions, were acquired from a local wet 
market in early mornings. All the specimens reached our lab 
within six hours after pigs were sacrificed. B-mode ultra-
sonography was conducted on the meat specimens to identify 
and locate suitable lymph nodes for investigation. The se-
lected lymph nodes were resected from the surrounding tis-
sues and measured and weighed with a digital calliper and an 
electronic scale respectively. Volume was determined by a 
water displacement method. To prevent dehydration, the 
selected lymph nodes were wrapped in gauze soaked in 
physiological saline and stored at 4
oC in a sealed container 
until further use.  
Phantom Fabrication 
On the same day as resection, the lymph nodes were em-
bedded in phantom of agar-gelatin blocks. Fabrication of the 
tissue mimicking agar-gelatin background in this study was 
based on previous reports [30-32]. Briefly, gelatin (Sigma-
Aldrich Inc., MO, USA) and agar (Sigma-Aldrich Inc., MO, 
USA) were mixed with water and the mixtures were sepa-
rately heated in water baths until a solution state was 
reached. The solutions were allowed to cool down to about 
50°C and then mixed in volume proportions of 60% gelatin 
and 40% agar. The mixture was constantly stirred and at 
approximately 36°C, the mixture was poured carefully into 
an acrylic mould (10cm x 10cm x 13cm, Fig. 1) containing a 
lymph node. The lymph node was suspended using a thin 
thread to occupy a central position, with the long axis being 
orthogonal to the direction of slicing in preparation of 
specimens for the indentation test. In order for an easy slic-
ing, two 2 mm longitudinal slits, 2 mm apart, was cut on 
opposite walls to guide a sharp knife (Fig. 1). Prior to pour-
ing the agar-gelatin mixture into the mould, the slits were 
temporarily sealed using thin plastic sheets. The gel mixture 
was placed in a refrigerator (4°C) overnight for solidifica-
tion.  
Elastography 
Ultrasound examination was conducted on the following 
day. The phantom was first taken out from the refrigerator 
and left in the air for some time to reach room temperature, 
and then scanning was carried out with the block remaining 
inside the mould. B-mode ultrasonography and elastography 
were performed using the Hitachi EUB-8500 system (Hi-
tachi Medical Cor., Tokyo, Japan) in conjunction with a 6-14 
MHz linear transducer (4 cm footprint length). The orienta-
tion of the transducer for imaging was orthogonal to the long 
axis of each lymph node. The plane with the largest trans-
verse diameter of the embedded lymph node was identified 
and elastography was initially conducted on this plane fol-
lowed by the rest of the lymph node to gain an overall under-
standing of the elasticity of entire structure. Elasticity images 
were obtained through strategic selection of the regions of 
interest so that they included an appropriate proportion of the 
surrounding phantom background, and appropriate compres-
sions could be performed using freehand operation in the 
vertical direction. For a given image (or frame) obtained 
from one compression, multiple small areas were selected 
within the region of interest for the calculation of strain ra-
tios, using the system’s inbuilt function. The strain ratio was 
defined as the ratio of two user-selected regions and in this 
study it meant the ratio of strain in the lymphatic tissue re-
gion over that in the agar-gelatin phantom region. The abso-
lute strain value was not used directly because it was easily 
affected by the local stress level and boundary conditions, 
which were hard to be controlled in elastographic measure-
ment. Sampling areas for strain ratios included regions 
within the lymph node (peripheral and middle) and in the 
phantom background material.  
Indentation Test 
After ultrasonography examination, the plastic sheets that 
covered the side slits of the mould were removed. Under 
ultrasound guidance, a sharp knife was placed through the 
slits (in the same orientation as imaging) for slicing. The 
slice with largest cross-section of the lymph node was used 
for indentation testing (Fig. 2a). Slice specimens were cov-
ered with physiological saline soaked gauze while waiting 
for testing to avoid dehydration. 
The experimental setup is shown in Fig. 2b. Indentation 
was conducted at room temperature (23-24°C). The indenter 
used was flat headed and 3 mm in diameter. It was coupled 
 
Fig. (1). Custom-made mould with slits on opposite sides for guid-
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to a 1 N load cell (LSB200, Futek Advanced Sensor Tech-
nology Inc., Irvine, CA, USA) and driven by a linear stepper 
motor with a precision of 0.03 mm (UBL23, Saia-Burgess 
Inc., OH, USA) which was in turn coupled to a linear vari-
able differential transformer (LVDT) displacement trans-
ducer (DC15, Salartron Metrology Ltd., Leicester, UK) by a 
custom-made device. The entire system was computer con-
trolled through the user-interface of software developed in-
house using LabWindows / CVI 8.5 (National Instruments 
Co., TX, USA). 
The thickness of each slice was measured by a digital 
calliper, and caution was taken to keep a minimal compres-
sion on the specimen during the measurement. Slice speci-
mens were placed on a horizontal platform wetted with thin 
layer of physiological saline that provided lubrication and 
prevented the specimen from dehydration. The platform was 
adjusted vertically so that the starting position of the indenter 
was slightly above the slice specimen. Indentation tests, each 
consisted of 5 cycles of loading and unloading, were per-
formed at a indenter speed of approximately 0.5 mm/s. The 
maximum indentation depth was set to be about 20% of the 
initial thickness of the slice. An indentation model proposed 
by Hayes et al. [33] on articular cartilage was adopted in this 
study and the Young’s modulus of the tissue at the indenta-
tion site was extracted as follows [33, 34]: 
   
E =
1
2
2a ,a / h ()

P
w
               (1) 
where  E  is the Young’s modulus of the tissue,  a  is the in-
denter radius,   the Poisson’s ratio of the tissue,  h  the ini-
tial thickness,   a correction factor related to  and the 
aspect ratio    a / h (  table can be found in the study of 
Hayes et al. [33]), and    P/ w the relationship between force 
and indentation depth. A Matlab (MathWorks Inc., Natick, 
MA, USA) program was written for computing the Young’s 
modulus based on the force/indentation data.   was as-
sumed to be a constant value of 0.45, indicating a near in-
compressibility of the tested tissue, which is a common as-
sumption and similar values of Poisson’s ratio have been 
reported in previous studies [35, 36]. A pre-load of 0.03 N 
and a maximum deformation of 10% were set for extracting 
the Young’s modulus. From pilot studies, it was found the 
preconditioning effect was not so serious in the lymph node 
tissues and it nearly disappeared after two cycles of indenta-
tions (Fig. 3). Therefore, to reduce the potential effect of pre-
conditioning, data of the first two cycles were neglected. 
Each point underwent two repeated tests with a one-minute 
interval. For a given slice, the number of points tested de-
pended on the cross-sectional size of the lymph node and 
multiple points were tested within its peripheral and middle 
regions. To reduce the effect of background phantom mate-
rial in comparison of stiffness to the strain ratio, a modulus 
ratio, i.e., the ratio of Young’s modulus of the lymph node to 
a) 
 
b) 
 
Fig. (2). a) A sliced sample of lymph node for indentation test and 
b) the experimental set up for the indentation test. 
a) 
 
b) 
 
Fig. (3). a) A typical indentation curve of force and deformation 
showing five cycles of loading and unloading with time and (b) the 
corresponding relationship of force and deformation in the loading 
phase for the five cycles. Different cycles were separated using 
different markers.  42    The Open Biomedical Engineering Journal, 2011, Volume 5  Yuen et al. 
that of the phantom material, was also used for the analysis 
of results. 
Statistical Analysis 
Paired-t testes were used to determine any difference in 
stiffness between overall lymph node tissue and background 
phantom and between peripheral and middle regions within 
the lymph nodes. Pearson product-moment correlation coef-
ficients, R, were obtained to examine the strength of associa-
tions between the strain and modulus measurements. A level 
of P < 0.05 was considered to be significant. All statistical 
analysis was done using SPSS 14.0 for Windows (SPSS Inc., 
IL, USA). 
Results 
A total of 22 lymph nodes, obtained from 11 pigs (two 
for each pig), were examined. The size of the nodes selected 
for investigation ranged from 1.3 cm
3 to 10.1 cm
3 (Mean: 4.7 
± 2.4 cm
3) and 1.1g to 9.2g (Mean: 4.2 ± 2.3 g) in volume 
and mass, respectively. 
Gross Anatomical Description  
Lymph nodes were palpated from the skin surface to 
roughly identify their locations within the piece of flesh. On 
excision, as the structures were well-circumscribed by a cap-
sule, it was easy to isolate them from the surrounding con-
nective fat and muscles. Macroscopic examination revealed 
that the shape of each lymph node was irregular and the sur-
face of the capsule was uneven (Fig. 4). Further dissection 
confirmed that a node may be composed of several smaller 
nodelets, as described by previous researchers [28, 29]. In 
cross-section, although the divisions can be clear, individual 
nodelets were difficult to separate without causing damage. 
Therefore, no further attempt was made to isolate each 
nodelet and the whole lymph node was embedded into the 
agar-gelatin block for testing.  
B-mode and Elastography Observation 
For majority of the lymph nodes, bright lines that divided 
the structure into smaller sections were readily seen and 
small echolucent areas surrounded by echogenic borders 
were also common features. A typical B-mode image of the 
lymph node is shown in Fig. (5). 
A typical elastogram of the lymph node consisted of a 
blue belt of non-uniform thickness around the periphery of 
the structure and different shades of green, with speckles or 
streaks of yellow and red towards the centre. These features 
were observed to correspond well with the echogenic and 
echolucent areas in the B-mode images (Figs. 6a-b). And the 
two kinds of images combined provided in greater detail the 
internal architecture of a lymph node. Also, for some lymph 
nodes, elastography revealed more distinct contrast between 
the lymph node and surrounding material than B-mode imag-
ing (Fig. 7). 
 
Fig. (4). A resected lymph node showing the uneven surface. 
 
Fig. (5). B-mode image of a lymph node with apparent internal 
divisions and echolucent areas.  
a) 
 
b) 
 
Fig. (6). Visual correspondence of nodal internal patterns between 
elastograms and B-mode images: a) cross-section along the long 
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Strain Ratios 
The mean strain ratio between the peripheral region of 
the lymph nodes and phantom material was 0.61 ± 0.32 
(mean ± SD), while that between the central region and the 
phantom material was 0.93 ± 0.33 (Table 1). Statistical 
analysis revealed a significant difference (P < 0.05), indicat-
ing that the peripheral tissue was stiffer and therefore exhib-
ited less strain when compression was applied. This finding 
was in alignment with the typical elastogram pattern as de-
scribed above. 
No significant association was found between the lymph 
node size (volume and mass) and the strain ratio. Degrees of 
association between the two parameters varied from weak to 
fair (R = 0.2-0.5, all P > 0.05).  
Indentation Test 
One slice of specimen for each lymph node with the larg-
est cross-sectional area was obtained from the agar-gelatin 
block and underwent the indentation test. A total of 457 
points in 21 lymph node slices was tested (one sample was 
not sliced successfully).  
The result of indentation test showed that there was a 
significant difference (P < 0.05) between the Young’s 
modulus of the surrounding background material (11.78 ± 
2.80 kPa) and that of the overall lymph node tissue (26.06 ± 
6.03 kPa). Both the peripheral and middle regions of the 
lymph node tissue were generally stiffer than the background 
material by more than two folds (Table 1). Furthermore, it 
was found that the Young’s modulus of the peripheral region 
(25.39 ± 6.14 kPa) was slightly but significantly (P < 0.05) 
smaller than that of the middle region (26.73 ± 5.64 kPa). 
For the modulus ratio, there was no significant difference 
between the peripheral and middle regions of the lymph 
node (P > 0.05) (Table 1). 
Comparison Between Strain and Indentation Data 
To investigate the association between the strain and 
modulus measurements, correlations were made between the 
Young’s modulus/modulus ratio and the inversed strain ratio 
for both the peripheral and middle regions (Fig. 8a-d) of the 
lymph nodes. There was no significant correlation between 
the Young’s modulus and the inversed strain ratio in both 
regions of the lymph node (P > 0.05) (Fig. 8a-b). However, 
moderately significant correlations between the modulus 
ratio and the inversed strain ratio were found for both the 
peripheral and middle regions (R
2 = 0.437 and 0.424, respec-
tively, P < 0.05, Fig. 8c-d). 
DISCUSSION 
Metastatic lymph nodes tend to be hard, whereas benign 
nodes are usually soft. Clinically, palpation is still commonly 
performed by ear, nose and throat (ENT) surgeons and on-
cologists for the assessment of cervical lymphadenopathy, 
which is however too subjective. In this study, with the aim 
to provide a quantitative assessment of the lymph nodes 
stiffness, the tissue stiffness of the pig lymph nodes was 
measured using two methods: elastography of the whole 
lymph node for strain measurement and indentation of sliced 
lymph node specimen for modulus determination. The rela-
tionship between strain and modulus distribution has been 
studied in some detail by Srinivasan et al. [37, 38]. In those 
studies, phantoms, with sponge inclusions of various degree 
of stiffness, as well as cut slices of various tissue types such 
as bovine muscle, canine prostate, etc. were investigated. 
Different from those studies, in the present research, the 
whole lymph nodes were embedded into the agar-gelatin 
blocks for elastography and only sliced specimen was tested 
by indentation.  
For both the peripheral and middle regions, no significant 
correlation was found between the Young’s modulus and the 
inversed strain ratio, which might be because the inversed 
strain ratio is a reflection of stiffness contrast of the lymph 
node to the phantom material while the Young’s modulus is 
representative of absolute stiffness of the lymphatic tissues. 
Therefore, it was more appropriate to use the modulus ratio 
to compare with the inversed strain ratio. When the modulus 
ratio was used, only moderate correlation between the results 
by the two methods was observed, as the test results could be 
affected by several factors such as quality of the elastogra-
phy images, interfacial bonding, boundary conditions, tissue 
geometry and dimension [38-40]. Although elastography by 
freehand compression appeared to be simple and easy to 
conduct, operation of the EUB 8500 system and application 
of the appropriate compression with the transducer did re-
quire a period of training to ensure acquisition of acceptable 
quality images for accurate determination of strain ratios. To 
achieve this and avoid inter-operator variation, the operator 
received at least one month’s training and carried out all the 
elastography examinations. During slicing, the interfacial 
bonding between the background and lymph node appeared 
 
Fig. (7). An elastogram showing a clearer nodal border with the 
background phantom materials in comparison with the correspond-
ing B-mode image. 
Table 1.  Results of Elastography and Indentation Tests 
(mean ± SD). The Ratios were Obtained with the 
Reference to the Readings of the Surrounding Phan-
toms 
 Peripheral  Region    Middle Region 
Elastography strain ratio  0.61 ± 0.32*  0.93 ± 0.33 
Indentation Young’s modulus 
(kPa) 
25.39 ± 6.14*  26.73± 5.64 
Indentation modulus ratio  2.21 ± 0.60  2.33 ± 0.51 
*indicates a significant difference (P < 0.05). 44    The Open Biomedical Engineering Journal, 2011, Volume 5  Yuen et al. 
a) 
 
b) 
 
c) 
 
d) 
 
Fig. (8). Correlations between Young’s modulus/modulus ratio and 
inversed strain ratio for the peripheral and the middle regions of the 
lymph nodes. (a) and (b) are related to the results of Young’s 
modulus. (c) and (d) are related to the results of modulus ratio.  
to be secure; however, the degree of bonding was not objec-
tively tested. A recent study reported that the assumption of 
firm background-inclusion bonding could induce a varying 
degree of error in the estimation of strain measurements de-
pending on the selection of the region of interest within the 
inclusion [40]. Such finding bears important clinical rele-
vance as benign and malignant tumours would differ in their 
bonding with the surrounding tissues [41]. The pig lymph 
nodes investigated in the present study had distinct smooth 
boundaries, and thus was easily separated from the surround-
ing connective tissues. But when embedded into the agar-
gelatin blocks, some connective tissues were left attached to 
the lymph nodes to promote or increase surface area for 
bonding with the phantom material. After elastography, dis-
section or cutting of a lymph node for indentation impaired 
the function of the capsule, which is primarily to provide 
mechanical strength and structural integrity [42]. An in-vitro 
study showed that the stiffness of bovine liver differed by a 
factor of 2 to 3 when the capsule was removed [43]. The 
strain result of this study showed that the stiffness of the 
middle region of the lymph nodes was similar to that of the 
background material and the peripheral region (smaller 
strain) was harder than the middle region. However, the in-
dentation test revealed the central region (larger Young’s 
modulus) was stiffer than the outside region. The discrep-
ancy might be explained by the breakdown of the capsule 
barrier; and the difference of direction of compression in 
strain imaging and indentation test (orthogonal to each other) 
could be another reason. In elastographic measurement, the 
compression was parallel with the slice surface used in the 
indentation test while it was perpendicular to the slice in the 
indentation test. The potentially anisotropic mechanical 
properties of lymph node warrant further investigation. Pre-
vious nanoindentation studies on phantoms and soft tissues 
reported that a spatial resolution of 2 mm generated modulus 
images corresponding well with strain images or elastograms 
[37, 38]. However, due to the absence of an automated stage 
controller to locate the indentation points on a sliced speci-
men, a spatial resolution on the order of at least 3 mm was 
not fully realized in this study. The insufficient spatial reso-
lution may also have caused the disagreement between the 
results of the two tests. Furthermore, the strain measure-
ments were performed on different sites of the lymph node to 
give an overall understanding of the strain distribution 
throughout the structure. However, they did not correspond 
exactly to the plane where modulus measurements were 
made. 
Repeatability of the indentation system was found to be 
of satisfactory level. Prior to this study, a separate repeatabil-
ity study was conducted on 12 silicone samples with differ-
ent stiffness. An intra-class correlation coefficient (ICC) of 
0.99 was found, indicating a repeatability of 99%. Also, a 
repeatability coefficient (in accordance with Bland and Alt-
man [44]) of 10.7 kPa was ascertained. With reference to this 
coefficient, the differences in Young’s modulus between the 
surrounding background material (11.78 ± 2.80 kPa) and 
lymph node tissues (26.06 ± 6.03 kPa) could be attributed to 
an inherent difference in stiffness.  
Due to equipment limitation, the sliced specimens were 
quite thick, i.e. > 7 mm. Sample thickness is an important 
factor to consider, especially for pigs, as their lymph nodes 
may contain multiple nodelets, thus the internal tissue can be Strain and Modulus Measurements in Lymph Nodes  The Open Biomedical Engineering Journal, 2011, Volume 5    45 
highly heterogeneous. Thinner slices were preferred as they 
tend to be more homogenous throughout the tissue depth. In 
a previous study, thin tissue slices with a thickness of 2- 3 
mm and a small cross-section of 3 x 2 cm
2 were attained by 
freehand cutting with a sharp knife [38]. In this study, the 
cutting method was developed to produce slice specimens 
with uniform thickness across a larger cross-sectional area 
(8-10 cm in width and length). Our pretest trial suggested 
that thicker slices were of better quality for the indentation 
test in our study compared to thinner slices.  
The tests were only conducted on normal lymph nodes as 
they were cut from pigs which were sold in the market and 
supposed to be healthy. During our test, we found that some 
nodes appeared to be congested and haemorrhagic. It was not 
certain whether this was caused by post-mortal changes or 
trauma, or it was an indication of abnormality or a disease. 
As the number of such abnormal samples was small, they 
were excluded from our study. Therefore, comparison be-
tween healthy and abnormal lymph nodes could not be made 
in our current study. It would be interesting to explore the 
strain and modulus changes in abnormal lymph nodes in 
future studies.  
In summary, this study tried to investigate the stiffness of 
pig lymph node by measuring strain and Young’s modulus 
using elastography and indentation test, respectively. Both 
the tests revealed significant differences in the parameters 
between peripheral and middle regions of the lymph node 
and the results by the two measurements were found to be 
moderately correlated. Future studies should be conducted to 
explore whether the two methods could be used to observe 
the stiffness change in abnormal lymph nodes. 
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